Introduction
============

Establishing animal models of psychiatric disorders by utilizing genetically engineered mice is essential for investigating the pathogenesis/pathophysiology and treatment of these disorders (Arguello and Gogos, [@B3]; Chen et al., [@B11]; Gainetdinov et al., [@B16]; Powell and Miyakawa, [@B35]). Previously, we reported that forebrain-specific calcineurin (also called as protein phosphatase 2B) knockout mice have severe working/episodic-like memory deficits (Zeng et al., [@B56]), and exhibit a spectrum of abnormal behaviors related to schizophrenia in humans (Miyakawa et al., [@B32]). In addition, we and other groups have identified the PPP3CC gene, which encodes the calcineurin gamma subunit, as a potential schizophrenia and bipolar disorder susceptibility gene (Gerber et al., [@B17]; Horiuchi et al., [@B19]; Liu et al., [@B28]; Mathieu et al., [@B29]; Shi et al., [@B38]; Yamada et al., [@B53]). These studies strongly demonstrated the usefulness of applying a comprehensive battery of behavioral test on genetically engineered mice to efficiently obtain a mouse model of human psychiatric disorders. Thus, we have been applying this approach to various strains of mice bearing mutations of the genes encoding the molecules related to either the calcineurin signaling pathways or calcineurin-related neural mechanisms (Arron et al., [@B4]; Takao and Miyakawa, [@B43]; Takao et al., [@B45]; Yamasaki et al., [@B54]). Here we focused on the brain-type ryanodine receptor (RyR3), one of the molecules that form a macromolecular signaling complex with calcineurin (Snyder et al., [@B40]).

Spatially and temporally regulated changes of the intracellular calcium concentration \[Ca^2+^\]~i~ plays a variety of critical roles in numerous cell types. For example, elevated \[Ca^2+^\]~i~ controls muscle contraction in skeletal and cardiac muscles, and activity-dependent gene expression, synaptic transmission and plasticity in neurons. \[Ca^2+^\]~i~ can be increased either by the opening of calcium channels on the plasma membrane, to generate an influx of Ca^2+^ from the extracellular fluid, or by the activation of Ca^2+^ release channels located on the endoplasmic and sarcoplasmic reticula. Two different families of calcium release channels located on these intracellular Ca^2+^ stores have been identified: the inositol 1,4,5-triphosphate receptor (IP3R) (Ferris and Snyder, [@B14]; Mikoshiba, [@B31]); and the ryanodine receptor (RyR) (McPherson and Campbell, [@B30]; Sorrentino and Volpe, [@B42]). In neurons, RyR acts as a calcium-induced calcium release channel and its activity is enhanced by increased \[Ca^2+^\]~i~ through the voltage-dependent calcium channels or *N*-methyl-[d]{.smallcaps}-aspartate receptors on the plasma membrane (Bardo et al., [@B6]; Berridge, [@B8]; Rose and Konnerth, [@B36]). On the other hand, calcium release through IP3R is triggered by inositol 1,4,5-triphosphate, a metabolic product of phospholipase C activity, which is coupled to the activation of metabotropic glutamate receptors at the excitatory synapses (Bardo et al., [@B6]; Berridge, [@B8]; Rose and Konnerth, [@B36]). The distinct signaling pathways and heterogeneous neuronal distribution of these two types of channels are likely to contribute to the regulated release of intracellular Ca^2+^ in a spatial- and temporal-dependent manner.

The RyRs are ∼2200 kDa homotetrameric complexes and interact with regulatory proteins such as calmodulin, CaMKII, FK506-binding protein 12 (FKBP12 or calstabin), and calcineurin to control channel activity in response to extracellular stimuli, and thereby regulates intracellular calcium release (Snyder et al., [@B40]; Zalk et al., [@B55]). For example, dissociation of the calcineurin-FKBP12 complex from RyRs leads to an increased open channel probability and induces subconductance states (Brillantes et al., [@B10]), suggesting that the complex stabilizes RyR and prevents calcium leakage.

The RyR family has three isoforms encoded by three distinct genes and termed according to their tissue-type preference pattern of expression; skeletal type (RyR1), cardiac type (RyR2), and brain type (RyR3). Although all isoforms are expressed in the brain, they exhibit differential expression patterns. In the adult mouse brain, RyR1 is predominantly expressed in cerebellar Purkinje cells and the dentate gyrus of the hippocampus. RyR2 is broadly expressed in most brain regions. RyR3 is predominantly expressed in the hippocampus, and striatum (Giannini et al., [@B18]; Kuwajima et al., [@B25]; Mori et al., [@B34]). The functional significance of each isoform has been examined using mice with a targeted disruption. The RyR1 knockout mice died perinatally with gross abnormalities of skeletal muscle (Takeshima et al., [@B46]). Mutant mice lacking RyR2 also died at approximately embryonic day 10 with morphologic abnormalities in the heart tube (Takeshima et al., [@B48]). In contrast, the RyR3 knockout mice were fertile and displayed no gross abnormalities (Bertocchini et al., [@B9]; Futatsugi et al., [@B15]; Takeshima et al., [@B47]). However, RyR3--/-- mice exhibited increased locomotor activity, suggesting abnormalities in certain neurons (Takeshima et al., [@B47]). Furthermore, spatial learning was altered in RyR3--/-- mice (Balschun et al., [@B5]; Futatsugi et al., [@B15]). The RyR3--/-- mice also exhibited impairments in contextual fear conditioning, passive avoidance, and Y-maze tests (Kouzu et al., [@B24]). Consistent with the behavioral changes associated with the hippocampus, altered long-term potentiation and depression were detected in the hippocampus of RyR3--/-- mice (Balschun et al., [@B5]; Futatsugi et al., [@B15]; Shimuta et al., [@B39]). Attenuation of ryanodine-induced dopamine release was also reported in the striatal slices of RyR3--/-- mice, suggesting an involvement of RyR3 in dopamine release in striatal neurons (Wan et al., [@B51]). In human, *RyR3* gene is located at 15q14-15 (Sorrentino et al., [@B41]), that was suggested as a putative schizophrenia (Leonard and Freedman, [@B26]; Liu et al., [@B27]; Moon et al., [@B33]; Williams et al., [@B52]) and autism (Abrahams and Geschwind, [@B1]) susceptibility locus.

To assess the possible utility of RyR3--/-- mice as an animal model of psychiatric disorders, we subjected them to a comprehensive behavioral test battery (Takao and Miyakawa, [@B43]; Takao et al., [@B45]). We found that RyR3--/-- mice show hyperactivity, decreased social interaction and mildly impaired prepulse inhibition and latent inhibition; while they did not show significant deficits in motor function and working and reference memory tasks. It is noteworthy that the lack of one of the three isoforms of RyRs, all of which are redundantly expressed in the brain, results in such significant behavioral abnormalities. This implies a critical function for RyRs in regulating the \[Ca^2+^\]~i~ in response to various extracellular signals in the mammalian brain *in vivo*.

Materials and Methods
=====================

Animals and experimental design
-------------------------------

RyR3 knockout mice were generated as previously described (Takeshima et al., [@B47]). They were bred for at least five generations on the C57BL/6 background. All behavioral tests were carried out with male mice that were 9 weeks old at the start of testing. Mice were housed in a room with a 12-h light/dark cycle (lights on at 7:00 a.m.) with access to food and water *ad libitum*. Behavioral testing was performed between 9:00 a.m. and 6:00 p.m. After the tests, all apparatus was cleaned with diluted sodium hypochlorite solution to prevent a bias due to olfactory cues. All behavioral tests were conducted in a manner similar to those previously described (Miyakawa et al., [@B32]; Yamasaki et al., [@B54]). The raw data of behavioral tests, which are not described in this paper, are disclosed in the gene-brain-phenotyping database (<https://behav.hmro.med.kyoto-u.ac.jp/>). All behavioral testing procedures were approved by the Animal Care and Use Committee of Kyoto University Graduate School of Medicine.

Behavioral tests
----------------

### Neurological screen

The righting, whisker touch, and ear twitch reflexes were evaluated. A number of physical features, including the presence of whiskers or bald hair patches, were also recorded.

### Neuromuscular strength

Neuromuscular strength was tested with the grip strength and wire hang tests. A grip strength meter (O\'Hara & Co., Tokyo, Japan) was used to assess forelimb grip strength. Mice were lifted and held by their tail so that their forepaws could grasp a wire grid. The mice were then gently pulled backward by the tail with their posture parallel to the surface of the table until they released the grid. The peak force applied by the forelimbs of the mouse was recorded in Newton (N). Each mouse was tested three times, and the greatest measured value was used for statistical analysis. In the wire hang test, the mouse was placed on a wire mesh that was then inverted and waved gently, so that the mouse gripped the wire. Latency to fall was recorded, with a 60-s cut-off time.

### Hot plate test

The hot plate test was used to evaluate sensitivity to a painful stimulus. Mice were placed on a 55.0 (±0.3)°C hot plate (Columbus Instruments), and latency to the first hind-paw response was recorded. The hind-paw response was defined as either a foot shake or a paw lick.

### Rotarod test

The rotarod test, using an accelerating rotarod (UGO Basile Accelerating Rotarod), was performed by placing mice on rotating drums (3 cm diameter) and measuring the time each animal was able to maintain its balance on the rod. The speed of the rotarod accelerated from 4 to 40 rpm over a 5-min period.

### Open field test

Each mouse was placed in the center of the open field apparatus (40 cm × 40 cm × 30 cm; Accuscan Instruments, Columbus, OH, USA). Total distance traveled (in centimeter), vertical activity (rearing measured by counting the number of photobeam interruptions), time spent in the center, the beam-break counts for stereotyped behaviors, and number of fecal boli were recorded. Data were collected for 120 min.

### Light/dark transition test

Light/dark transition test was conducted as previously described (Takao and Miyakawa, [@B44]). The apparatus used for the light/dark transition test consisted of a cage (21 cm × 42 cm × 25 cm) divided into two sections of equal size by a partition containing a door (O\'Hara & Co., Tokyo, Japan). One chamber was brightly illuminated (390 lx), whereas the other chamber was dark (2 lx). Mice were placed into the dark side and allowed to move freely between the two chambers with the door open for 10 min. The total number of transitions between chambers, time spent in each side, first latency to enter the light side and distance traveled were recorded automatically.

### Elevated plus-maze test

Elevated plus-maze test was conducted as previously described (Komada et al., [@B23]). The elevated plus-maze (O\'Hara & Co., Tokyo, Japan) consisted of two open arms (25 cm × 5 cm) and two enclosed arms of the same size, with 15 cm high transparent walls. The arms and central square were made of white plastic plates and were elevated to a height of 55 cm above the floor. To minimize the likelihood of animals falling from the apparatus, 3 mm high plastic ledges were provided for the open arms. Arms of the same type were arranged at opposite sides to each other. Each mouse was placed in the central square of the maze (5 cm × 5 cm), facing one of the closed arms. Mouse behavior was recorded during a 10-min test period. The number of entries into, and the time spent in the open and enclosed arms, were recorded. For data analysis, we used the following four measures: the percentage of entries into the open arms, the time spent in the open arms (seconds), the number of total entries, and total distance traveled (centimeter). Data acquisition and analysis were performed automatically using Image EP software.

### Porsolt forced swim test

The apparatus consisted of four plastic cylinders (20 cm height × 10 cm diameter). The cylinders were filled with water (23°C) up to a height of 7.5 cm. Mice were placed into the cylinders, and their behavior recorded over a 10-min test period. Data acquisition and analysis were performed automatically, using Image PS software (see Section ['IMAGE ANALYSIS'](#s1){ref-type="sec"}). Distance traveled was measured by Image OF software (see Section ['IMAGE ANALYSIS'](#s1){ref-type="sec"}) using stored image files.

### Social interaction test in a novel environment

Two mice of identical genotypes that were previously housed in different cages, were placed into a box together (40 cm × 40 cm × 30 cm) and allowed to explore freely for 10 min. Social behavior was monitored by a CCD camera, which was connected to a Macintosh computer. Analysis was performed automatically using Image SI software. The total duration of contacts, the number of contacts, the number of active contacts, mean duration per contact, and total distance traveled were measured. The number of active contacts was defined as follows. Images were captured at one frame per second, and the distance traveled between two successive frames was calculated for each mouse. If the two mice contacted each other and the distance traveled by either mouse was longer than 5 cm, the behavior was considered as an 'active contact'.

### Locomotor activity monitoring in the home cage

A system that automatically analyzes the locomotor activity of mice in their home cage was used. The system contains a home cage (29 cm × 18 cm × 12 cm) and a filtered cage top, separated by a 13-cm-high metal stand containing an infrared video camera, which is attached to the top of the stand. Each mouse was individually housed in each home cage, and their locomotor activity was monitored for at least 5 days. Outputs from the video cameras were fed into a Macintosh computer. Images from each cage were captured at a rate of one frame per second, and distance traveled was measured automatically using Image HA software (see Section ['IMAGE ANALYSIS'](#s1){ref-type="sec"}).

### Crawley\'s sociability and social novelty preference test

Crawley\'s sociability and social novelty preference test is well-designed method to investigate the complex genetics of social behaviors. The social testing apparatus consisted of a rectangular, three-chambered box and a lid with an infrared video camera (Ohara & Co., Tokyo). Each chamber was 20 cm × 40 cm × 22 cm and the dividing walls were made from clear Plexiglas, with small square openings (5 cm × 3 cm) allowing access into each chamber. An unfamiliar C57BL/6J male (stranger 1), that had had no prior contact with the subject mice, was placed in one of the side chambers. The location of stranger 1 in the left vs. right side chamber was systematically alternated between trials. The stranger mouse was enclosed in a small, round wire cage, which allowed nose contact between the bars, but prevented fighting. The cage was 11 cm in height, with a bottom diameter of 9 cm, vertical bars 0.5 cm, and horizontal bars spaced 1 cm apart. The subject mouse was first placed in the middle chamber and allowed to explore the entire social test box for a 10-min session. The amount of time spent in each chamber was measured with the aid of a camera fitted on top of the box. Each mouse was tested in a 10-min session to quantify social preference for the first stranger. After the first 10-min session, a second unfamiliar mouse was placed in the chamber that had been empty during the first 10-min session. This second stranger was also enclosed in an identical small wire cage. The test mouse thus had a choice between the first, already-investigated unfamiliar mouse (stranger 1), and the novel unfamiliar mouse (stranger 2). The amount of time spent in each chamber during the second 10-min was measured as described above. Data acquisition and analysis were performed automatically, using Image J based original program (Image CSI: see ['IMAGE ANALYSIS'](#s1){ref-type="sec"}) software.

### Startle response/prepulse inhibition tests

A startle reflex measurement system (O\'Hara & Co., Tokyo, Japan) was used to measure startle response and prepulse inhibition. A test session began by placing a mouse in a plastic cylinder where it was left undisturbed for 10 min. White noise (40 ms) was used as the startle stimulus for all trial types. The startle response was recorded for 140 ms (measuring the response every 1 ms) starting with the onset of the prepulse stimulus. The background noise level in each chamber was 70 dB. The peak startle amplitude recorded during the 140 ms sampling window was used as the dependent variable. A test session consisted of six trial types (i.e., two types for startle stimulus only trials, and four types for prepulse inhibition trials). The intensity of the startle stimulus was 110 or 120 dB. The prepulse sound was presented 100 ms before the startle stimulus, and its intensity was 74 or 78 dB. Four combinations of prepulse and startle stimuli were used (74--110, 78--110, 74--120, and 78--120 dB). Six blocks of the six trial types were presented in pseudorandom order such that each trial type was presented once within a block. The average inter-trial interval was 15 s (range 10--20 s).

### Latent inhibition test

On the first day, each mouse was placed in a conditioning chamber (O\'hara & Co., Tokyo). The mice were divided into two groups: pre-exposed (P) group and non pre-exposed (NP) group. The P group received 40 white noise tones (55 dB, 5 s duration, 25 s interstimulus interval), whereas the NP group received no stimulus during an equivalent period. Immediately after the tone pre-exposure or the exposure to the chamber, tone-shock pairs consisting of a 5-s tone coterminating with a 2-s foot shock at 0.25 mA were delivered to both groups with a 25-s interstimulus interval. Afterward, mice remained in the chamber for 25 s before being returned to the home cage. On day 2, the mice were placed back in the conditioning chamber for 5 min for the measurement of freezing to the context. On the same day, the mice were put in a triangular box (35 cm × 35 cm × 40 cm) made of white opaque Plexiglas, which was located in a different room, and after 180 s, a 180-s tone was delivered to measure cued freezing.

### Eight-arm radial maze test

Fully automated eight-arm radial maze apparatuses (O\'Hara & Co., Tokyo, Japan) were used. The floor of the maze was made of white plastic, and the wall (25 cm high) consisted of transparent plastic. Each arm (9 cm × 40 cm) radiated from an octagonal central starting platform (perimeter 12 cm × 8 cm) like the spokes of a wheel. Identical food wells (1.4 cm deep and 1.4 cm in diameter) with pellet sensors were placed at the distal end of each arm. The pellet sensors were able to automatically record pellet intake by the mice. The maze was elevated 75 cm above the floor and placed in a dimly-lit room with several extra-maze cues. During the experiment, the maze was maintained in a constant orientation. One week before pretraining, animals were deprived of food until their body weight was reduced to 80 to 85% of the initial level. Pretraining started on the eighth day. Each mouse was placed in the central starting platform and allowed to explore and consume food pellets scattered throughout the whole maze for a 30-min period (one session per mouse). After completion of the initial pretraining, mice received further pretraining to take a food pellet from each food well after being placed at the distal end of each arm. A trial was finished after the mouse consumed the pellet. This was repeated eight times, using eight different arms, for each mouse. After these pretraining trials, actual maze acquisition trials were performed. In the spatial working memory task of the eight-arm radial maze, all eight arms were baited with food pellets. Mice were placed on the central platform and allowed to obtain all eight pellets within 25 min. A trial was terminated immediately after all eight pellets were consumed or 25 min had elapsed. An 'arm visit' was defined as traveling more than 5 cm from the central platform. The mice were confined at the center platform for 5 s after each arm choice. The animals went through one trial per day. For each trial, arm choice, latency to obtain all pellets, distance traveled, number of different arms chosen within the first eight choices, the number of revisiting, and omission errors were automatically recorded.

In the reference memory task of the eight-arm radial maze, one of the eight arms was consistently baited with one food pellet in the food well and a trial was terminated immediately after the pellet was consumed. Data acquisition, control of guillotine doors, and data analysis were performed by Image RM software (see Section ['IMAGE ANALYSIS'](#s1){ref-type="sec"}).

Image analysis {#s1}
--------------

The applications used for the behavioral studies (Image LD, Image EP, Image RM, Image FZ, Image SI, and Image HA) were based on the public domain NIH Image program (developed at the U.S. National Institutes of Health and available on the Internet at <http://rsb.info.nih.gov/nih-image/>) and ImageJ program (<http://rsb.info.nih.gov/ij/>), which were modified for each test by Tsuyoshi Miyakawa (available through O\'Hara & Co., Tokyo, Japan).

Statistical analysis
--------------------

Statistical analysis was conducted using StatView (SAS Institute, Cary, NC, USA). Data were analyzed by two-way ANOVA, or two-way repeated measures ANOVA, unless noted otherwise. Values in graphs were expressed as mean ± SEM.

Results
=======

Locomotor activity and anxiety- and depression-like behaviors in RyR3--/-- mice
-------------------------------------------------------------------------------

To address the behavioral effects of RyR3 deficiency, we subjected RyR3--/-- mice and their wild-type littermates to a comprehensive battery of behavioral tests (Takao and Miyakawa, [@B43]; Takao et al., [@B45]). RyR3--/-- mice appeared healthy and showed no obvious differences in physical characteristics, with the exception of a slight decrease in body weight relative to wild-type mice (Figure [1](#F1){ref-type="fig"}A; *F*~1,101~ = 5.397, *p* = 0.0224). There were no significant differences in body temperature (Figure [1](#F1){ref-type="fig"}B; *F*~1,101~ = 0.001, *p* = 0.9808), neuromuscular strength (wire hang and grip strength tests) (Figures [1](#F1){ref-type="fig"}C,D; *F*~1,101~ = 0.239, *p* = 0.6257, and *F*~1,101~ = 0.842, *p* = 0.3610, respectively), sensitivity to a painful stimulus (hot plate test) (Figure [1](#F1){ref-type="fig"}E; *F*~1,45~ = 2.717, *p* = 0.1062), or motor functions (rotarod test) (Figure [1](#F1){ref-type="fig"}F; *F*~1,45~ = 0.243, *p* = 0.6246) between the wild-type and the knockout mice.

![**Normal physical characteristics of RyR3--/-- mice**. **(A)** Body weight. **(B)** Body temperature. **(C)** Wire hang test. **(D)** Grip strength test. **(E)** Hot plate test. **(F)** Rotarod test.](fnbeh-03-003-g001){#F1}

Examination of the locomotor activity of RyR3--/-- mice in several behavioral tasks consistently revealed a hyperlocomotor activity phenotype. Total distance traveled by RyR3--/-- mice was significantly greater than that of controls during an open field test (Figure [2](#F2){ref-type="fig"}A; *F*~1,158~ = 18.945, *p* \< 0.0001), light--dark transition test (Figure [3](#F3){ref-type="fig"}A; dark: *F*~1,171~ = 69.155, light: *F*~1,171~ = 18.083, *p* \< 0.0001), elevated plus-maze test (Figure [4](#F4){ref-type="fig"}A; *F*~1,83~ = 8.864, *p* = 0.0038), and the social interaction test in a novel environment (Figure [6](#F6){ref-type="fig"}E; *F*~1,80~ = 39.033, *p* \< 0.0001). The number of transitions in the light--dark transition test (Figure [3](#F3){ref-type="fig"}B; *F*~1,171~ = 10.440, *p* = 0.0015) and the number of total entries in the elevated plus-maze test (Figure [4](#F4){ref-type="fig"}B; *F*~1,83~ = 12.707, *p* = 0.0006) of the RyR3--/-- mice were also significantly higher than those of controls. Vertical activity and stereotypic counts did not differ between the genotypes in the open field test (Figures [2](#F2){ref-type="fig"}B,C; *p* = 0.8906, and 0.5725, respectively). Even in the homecage, which is not a novel environment, the activity level of RyR3--/-- mice was significantly greater relative to controls during the dark phase of the circadian cycle (Figure [7](#F7){ref-type="fig"}A; *F*~1,30~ = 10.046, *p* = 0.0035), indicating that the hyperactivity phenotype is caused by an increased general locomotor activity rather than an increased response to novelty.

![**Increased locomotor activity of RyR3--/-- mice in the open field test**. **(A)** Total locomotion distance was significantly increased in the KO mice. **(B)** Count of vertical activity. **(C)** Count of stereotypic behavior. **(D)** Time spent in the center of the compartment. WT and KO stand for RyR3+/+ and RyR3--/-- mice, respectively.](fnbeh-03-003-g002){#F2}

![**Performance of RyR3--/-- mice in the light/dark transition test**. **(A)** Distance traveled in the light and dark sides. **(B)** Number of transitions between the light and dark sides. **(C)** Time the mice stayed in the light side. **(D)** Latency time before the first entry into the light side.](fnbeh-03-003-g003){#F3}

![**Performance of RyR3--/-- mice in the elevated plus-maze test**. **(A)** Total distance traveled. **(B)** Number of entries into the center crossing between the open and closed arms. **(C)** Percent number of entries into the open arms. **(D)** Percent time spent on the open arms.](fnbeh-03-003-g004){#F4}

Measures of anxiety-like behavior, such as the time spent in the central part of the open field (Figure [2](#F2){ref-type="fig"}D; *F*~1,159~ = 0.320, *p* = 0.5725), and in the light box of the light--dark transition test (Figure [3](#F3){ref-type="fig"}C; *F*~1,171~ = 0.274, *p* = 0.6014), did not differ significantly between the wild-type and the knockout mice although the time spent in the open arms in the elevated plus-maze test was greater in the knockout than that in the wild-type mice (Figure [4](#F4){ref-type="fig"}D; *F*~1,83~ = 4.737, *p* = 0.0324). First latency in the light--dark transition test (Figure [3](#F3){ref-type="fig"}D; *F*~1,171~ = 0.124, *p* = 0.7257) and entries into the open arms in the elevated plus-maze (Figure [4](#F4){ref-type="fig"}C; *F*~1,83~ = 3.472, *p* = 0.0660) were not significantly different between the genotypes. These observations suggest that RyR3 deficiency might decrease anxiety-like behavior, though the effect is subtle, if any.

We examined for depression-like behavior of RyR3--/-- mice in the Porsolt forced swim test, which measures the time of immobility in a small pool that contains no means of escape. Mice will generally swim in the water but after a while will stop swimming and float on the surface of the water, appearing to have given up escaping. On the first day of the test, there was no significant difference in immobility between the mutant and wild-type mice (Figure [5](#F5){ref-type="fig"}A; *p* = 0.1483), suggesting normal depression-like behavior in RyR3--/-- mice. However, in the first 2 min of testing of trial 2 conducted 1 day after the first trial and of trial 3 conducted 7 days after the second trial, knockout mice showed less immobility relative to controls (Figure [5](#F5){ref-type="fig"}A; *F*~1,105~ = 11.979, *p* = 0.0008, and *F*~1,105~ = 6.122, *p* = 0.0150, respectively). Since the locomotor activity measured by distance traveled in the test did not differ between the knockout and the control on day 1 (Figure [5](#F5){ref-type="fig"}B; *F*~1,92~ = 1.81, *p* = 0.1818), the results suggest that RyR3--/-- mice did not learn and/or remember helplessness compared with wild-type mice.

Decreased social interaction in RyR3--/-- mice
----------------------------------------------

During a social interaction test in a novel environment, the total duration of contacts and mean duration per contact of RyR3--/-- mice was significantly lower than that of wild-type mice (Figure [6](#F6){ref-type="fig"}A; *F*~1,80~ = 11.852, *p* = 0.0009, Figure [6](#F6){ref-type="fig"}D; *F*~1,80~ = 6.263, *p* = 0.0144) although the number of contacts, and total duration of active contacts, did not differ between genotypes (Figures [6](#F6){ref-type="fig"}B,C; *F*~1,80~ = 0.630, *p* = 0.4296, and *F*~1,80~ = 1.434, *p* = 0.2347, respectively). It is possible that the decreased duration of contacts was due to a consequence of increased locomotion of the knockout mice since locomotor activity of the knockout mice was increased in this test (Figure [6](#F6){ref-type="fig"}E; *F*~1,80~ = 39.033, *p* \< 0.0001). To confirm that the decrease in social interaction was not simply the result of hyperactivity in the RyR3 knockout mice, we monitored social interaction in the homecage over 5 days. During the light cycle when mice are usually sleeping and the activity level is similar between genotypes (Figure [7](#F7){ref-type="fig"}A; *F*~1,30~ = 2.471, *p* = 0.1264), the time that RyR3 knockout mice spent separated from each other was significantly greater than that of controls (Figure [7](#F7){ref-type="fig"}B; *F*~1,30~ = 5.482, *p* = 0.0261). No significant difference was observed in the mean number of particles between genotypes during the dark cycle (Figure [7](#F7){ref-type="fig"}B; *F*~1,30~ = 2.673, *p* = 0.1125). These results suggest that the decreased social interaction phenotype of the RyR3--/-- mice is not simply a result of their hyper locomotor activity.

![**Performance of RyR3--/-- mice in the Porsolt forced swim test**. **(A)** Immobility time (%) in each block for trial 1, trial 2, and trial 3. **(B)** Total distance traveled in each block for trial 1, trial 2, and trial 3.](fnbeh-03-003-g005){#F5}

![**Decreased social interaction in a novel environment**. **(A)** Decreased total duration of contacts in the KO mice. **(B)** Number of contacts. **(C)** Total duration of active contacts. **(D)** Mean duration per contact. **(E)** Total distance traveled.](fnbeh-03-003-g006){#F6}

![**Decreased social interaction in the home cage**. **(A)** An index of activity level. **(B)** Number of particles in the home cage. Social interaction is expressed as the number of particles in the image of the cage found by automatic detection. When the animals are separated, the particle number is 2. When they are together, the number is 1. Each dot indicates the average particles per hour. During the light cycle (7:00 to 19:00), WT mice stayed in contact with their familiar cage mate, whereas the KO mice tended to stay separated from each other.](fnbeh-03-003-g007){#F7}

To further assess the social interaction behavior of RyR3 knockout mice, we performed the Crawley\'s three chamber sociability and social novelty preference test. In this test, we were not able to detect any significant differences between genotypes in exploratory behavior within either the first trial with one stranger mouse, nor the following trial with an additional stranger mouse (data deposited in the gene-brain-phenotyping database: <https://behav.hmro.med.kyoto-u.ac.jp/>). In this test, a stranger mouse is tethered to a small wire cage while a stranger mouse can freely move in the social interaction test in a novel environment and in the homecage. This difference of the condition might lead to the seemingly different results in a social interaction behavior of the RyR3--/-- mice.

Mildly impaired prepulse inhibition in RyR3--/-- mice
-----------------------------------------------------

RyR3--/-- mice were tested for sensorimotor gating deficits in the prepulse inhibition test. In normal mice, the startle reflex to a loud tone is attenuated by the presentation of a barely audible tone (prepulse) just before the loud tone. The amplitudes of the startle response were similar in wild-type and RyR3--/-- mice before testing (Figure [8](#F8){ref-type="fig"}A; *F*~1,175~ = 1.592, *p* = 0.2088). Although the overall genotype effect of percentage prepulse inhibition was not significant (Figure [8](#F8){ref-type="fig"}B; *F*~1,175~ = 2.581, *p* = 0.1099), the prepulse inhibition at 78 dB prepulse to 110 dB startle in the knockouts was significantly lower than that in the wild-type mice (Figure [8](#F8){ref-type="fig"}B; *F*~1,175~ = 11.906, *p* = 0.0007), indicating a mildly impaired prepulse inhibition in RyR3 knockout mice.

![**Mildly impaired prepulse inhibition of RyR3--/-- mice**. **(A)** Acoustic startle response was not significantly different between genotypes. **(B)** Prepulse inhibition at 78 dB prepulse to 110 dB startle in the knockouts was significantly lower than that in the wild-type mice.](fnbeh-03-003-g008){#F8}

Mildly impaired latent inhibition in RyR3--/-- mice
---------------------------------------------------

The RyR3-/- mice were examined in the latent inhibition test (Figures [9](#F9){ref-type="fig"}A--F). Latent inhibition refers to the phenomenon by which pre-exposure to stimuli (such as tones) retards subsequent conditioning to the same stimulus. The reduced conditioning is believed to result from attentional filtering so that decreased attention is given to a familiar stimulus that the animal has learned to ignore during pre-exposure. Wild-type mice that were pre-exposed (P) to the tone showed less freezing to the tone on the test day compared to non pre-exposed (NP) animals (Figure [9](#F9){ref-type="fig"}C; *F*~1,55~ = 6.042, *p* = 0.0171), indicating significant latent inhibition in control mice. The freezing percent of pre-exposed RyR3--/-- mice was lower than that of non-exposed RyR3--/-- mice though it was not significant (Figure [9](#F9){ref-type="fig"}F; *F*~1,53~ = 3.877, *p* = 0.0542), suggesting a mild deficit of RyR3 mutant mice in latent inhibition.

![**Mildly impaired latent inhibition of RyR3--/-- mice**. **(A,D)** Percent freezing during conditioning. **(B,E)** Percent freezing during contextual testing. **(C)** In cued testing, the percent freezing for the P group was significantly lower than that of the NP group in WT mice, indicating a significant latent inhibition in WT mice. **(F)** In cued testing, the KO mice failed to show a significant latent inhibition. P and NP stands for pre-exposed and non pre-exposed mice, respectively.](fnbeh-03-003-g009){#F9}

Normal working and reference memories in 8-arm radial maze in RyR3--/--
-----------------------------------------------------------------------

To further examine whether the loss of RyR3 was associated with cognitive deficits, we analyzed RyR3--/-- mice in working memory and reference memory tasks. To assess working memory, we used a spatial working memory version of the eight-arm radial maze task, known to be dependent on the hippocampus (Becker et al., [@B7]). In this task, animals must learn and remember the position of baited arms between trials while rapidly establishing memory of previously visited arms within a trial. Over training, mutant mice improved their performance equally well as wild-type mice as indicated by a progressive reduction in the number of revisiting errors (Figure [10](#F10){ref-type="fig"}A; *F*~1,45~ = 1.025, *p* = 0.3168). After training, there was no significant difference in the number of revisiting errors during trials with a delay of 30, 120, or 300 s (Figure [10](#F10){ref-type="fig"}B; *F*~1,45~ = 1.254, *p* = 0.2686, *F*~1,45~ = 0.013, *p* = 0.9094, *F*~1,45~ = 0.210, *p* = 0.6488, respectively). Furthermore, the number of different arms chosen during the first eight choices, which is considered a measure of working memory that is relatively independent of locomotor activity levels and the total number of choices, was not significantly affected by the deficit of RyR3 during training (Figure [10](#F10){ref-type="fig"}C; *F*~1,45~ = 0.723, *p* = 0.3995) and trials with 30, 120, 300 s of delay (Figure [10](#F10){ref-type="fig"}D; *F*~1,45~ = 0.72, *p* = 0.7900, *F*~1,45~ = 0.597, *p* = 0.4438, *F*~1,45~ = 0.143, *p* = 0.7073, respectively). These results demonstrate that RyR3--/-- mice exhibit normal ability in working memory.

![**Intact spatial working memory ability in the eight-arm radial maze task**. **(A,B)** Number of revisiting errors. **(C,D)** Number of different arms chosen within the first eight choices.](fnbeh-03-003-g010){#F10}

The spatial reference memory of RyR3--/-- mice was also examined using the eight-arm radial maze. Both wild-type and mutant mice showed similar performance in learning the fixed position of the baited arm (Figure [11](#F11){ref-type="fig"}). Thus the spatial reference memory does not seem to be affected by the lack of RyR3. To evaluate memory retention, mice were retested in the same radial maze after a period of 7-day in their home cage. During retention testing, wild-type and knockout mice did not differ significantly in the number of errors made before finding the target arm (Figure [11](#F11){ref-type="fig"}). We further tested the ability of relearning by reversal training, in which the radial maze is rebaited in the opposite arm. There was no significant difference between the wild-type and knockout mice in the number of errors (Figure [11](#F11){ref-type="fig"}).

![**Intact spatial reference memory ability in the eight-arm radial maze task**. Number of errors made before finding the fixed baited arm during spatial learning, memory retention, and relearning.](fnbeh-03-003-g011){#F11}

Discussion
==========

The lack of RyR3 did not lead to significant abnormalities in overall health, appearance, and basic sensorimotor functions. However, RyR3--/-- mice demonstrated some significant abnormal behaviors. Hyperlocomotor activity is a characteristic feature of RyR3--/-- mice as previously described (Takeshima et al., [@B47]). The increase in locomotion of RyR3--/-- mice in various tests is primarily caused by their hyperactivity rather than an altered anxiety-like behavior and/or curiosity to a novel environment because we did not see robust changes of anxiety-like behavior in RyR3--/-- mice and we observed an increased basal locomotor activity in their familiar home cage. Regarding the anxiety-like behavior of RyR3--/-- mice, a previous study showed an increased time spent on the open arms in the elevated plus-maze test, suggesting reduced fear or anxiety (Kouzu et al., [@B24]). Our RyR3--/-- mice also showed a slight increase in the time spent on the open arms in the elevated plus-maze test compared to the wild-type mice. However, it is unlikely that RyR3 plays a major role in controlling anxiety-like behaviors in mice since the knockout mice failed to show significant differences in multiple tests including the open field test, and light--dark transition test.

One of the most striking abnormal behaviors of RyR3--/-- mice is decreased social interaction. The decrease of total duration of contacts and mean duration per contact in a novel environment observed in RyR3--/-- mice could be a result of hyperlocomotion rather than decreased social interaction. However, our meta analysis of C57BL/6J mice revealed no significant correlations between the total duration of contacts and the total distance traveled (*r* = −0.13, *n* = 935 C57Bl/6J mice; *r* = 0.06, *n* = 1723 mice including various mutant mice; Takao and Miyakawa, unpublished data), indicating that the hyperactive phenotype does not generally affect the total duration of contacts in the social interaction test in a novel environment. Moreover, the social interaction test in the home cage revealed that RyR3--/-- mice tended to sleep alone. These results suggest that RyR3 deficiency affects social behavior. In humans, decreased social interaction is a key symptom of several psychiatric diseases such as schizophrenia and autism spectrum conditions (American Psychiatric Association, [@B2]). The human RyR3 gene has been mapped to chromosome 15q14-q15 (Sorrentino et al., [@B41]) and the chromosomal region has been suggested to harbor schizophrenia and autism susceptibility genes (Abrahams and Geschwind, [@B1]; Leonard and Freedman, [@B26]; Liu et al., [@B27]; Moon et al., [@B33]; Williams et al., [@B52]). These facts suggest that the RyR3 gene is a candidate for susceptibility to these disorders, although a significant association was not found in the Japanese population (Tochigi et al., [@B50]; Yamada et al., [@B53]). Previously, we found increased social interactions in cyclic nucleotide phosphodiesterase 10A2 (PDE10A2) knockout mice without any other major behavioral deficits (Sano et al., [@B37]). This suggests that a PDE10A inhibitor could be effective for the treatment of negative symptoms of schizophrenia, including social withdrawal. Similarly, RyR3 might be a candidate target for these psychiatric disorders with negative symptoms. Further investigation would be required to address the possibility.

The mechanisms underlying decreased social behavior of RyR3 knockout mice are still unknown. Oxytocin could be one of the key molecules involved in the deficit of social interaction in RyR3 knockout mice. Oxytocin is a neuropeptide that is known to play a critical role in the regulation of social recognition (Choleris et al., [@B12]; Ferguson et al., [@B13]). Recently, an involvement of Ca^2+^ release from RyRs in oxytocin secretion was suggested (Jin et al., [@B22]). Thus, there is a possibility that the lack of RyR3 might cause a deficit in oxytocin system, and consequently abnormal social behaviors.

Previous studies using the Morris water maze demonstrated that RyR3--/-- mice spent the same time or slightly more time in the target quadrant compared with the wild-type mice after training (Balschun et al., [@B5]; Futatsugi et al., [@B15]), suggesting a normal or slightly better spatial reference memory in RyR3--/-- mice. Interestingly, the performance was impaired during reversal learning of a new platform position (Balschun et al., [@B5]), implying a reduced flexibility or increased perseveration of RyR3--/-- mice. In contrast, we did not detect significant differences between the knockout and wild-type mice during either learning or reversal learning in the spatial reference memory version of the eight-arm radial maze. The Morris water maze is the most frequently used paradigm to assess a spatial reference memory that is dependent on the hippocampus. However, it is a highly stressful task. Thus it is possible that RyR3--/-- mice may have an abnormal sensitivity to stress and show stronger perseveration under the stressful conditions. Consistently, our result suggests that RyR3--/-- mice show poor learning and/or memory for depression-like behavior in the Porsolt forced swim test. Alternatively, the discrepancy of the reversal learning performance may be due to a difference of genetic background.

Previous reports demonstrated a decreased alteration performance of RyR3--/-- mice in the Y-maze test (Kouzu et al., [@B24]). The authors concluded that RyR3--/-- mice exhibited defects of spatial working memory. However, the Y-maze test may not be a suitable task to evaluate working memory since it is assessed by a simple spontaneous alternation behavior that is often affected by various factors such as perseveration, restricted interests, motivation, and serial search strategy. We examined the working memory performance of RyR3--/-- mice using an eight-arm radial maze task. In this task, animals must rapidly establish and maintain a memory of the arms visited based on single within-trial exposures and must also suppress interference by the memory obtained during previous trials. This task is more difficult than the Y-maze task and is likely to evaluate spatial working memory more reliably. Since RyR3--/-- mice exhibited normal performance in our eight-arm radial maze task, we conclude that the RyR3 deficiency does not cause an impaired ability of working memory in mice.

In many areas of the brain, more than one RyR isoform is redundantly expressed. Nevertheless, deficiency of one isoform, RyR3, leads to various behavioral abnormalities as discussed above. There are reports showing a functional difference of distinct RyR isoforms. For example, short-term synaptic plasticity induced by short tetanic stimulation is unchanged in RyR3--/-- mice (Shimuta et al., [@B39]), suggesting that the activation of RyR3 requires stronger synaptic activity. Consistent with this idea, RyR3 has a lower sensitivity to Ca^2+^ compared with other isoforms (Ikemoto et al., [@B20]; Imagawa et al., [@B21]; Takeshima et al., [@B49], [@B47]). The distinct character of RyR3 in synaptic plasticity might be important for specific neuronal functions involved in behaviors including hyperactivity, social interaction, prepulse inhibition, and latent inhibition. It also suggests a critical role of the precise spatio-temporal regulation of internal Ca^2+^ concentrations in neurons and thus a lack of one molecule involved in the signaling pathway results in abnormal behaviors in mice.
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